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By analogy with mitochondria, in chlororespiration, the plastid Ndh complex would transfer electrons from NADH to a quinone (presumably plastoquinone, PQ) whose reduced form would in turn be oxidized by oxygen by a terminal oxidase. Lower PQ reduction in mutant tobacco plants defective in ndh genes (11, 16) points that the Ndh complex is responsible for PQ reduction. However, due to problems of solubility of substrate, plastid Ndh complex can hardly be assayed with PQ (15) and is, therefore, commonly assayed by reduction of ferricyanide (FeCN) with NADH. Moreover, there are doubts as to whether the plastid Ndh complex is involved in cyclic electron transport in chloroplasts, in chlororespiration, or both processes (15) . While non-photosynthetic parasitic plants lack both genes for proteins of the photosynthetic machinery and ndh genes (17, 18) , no plant has been found containing ndh genes but lacking genes for photosynthetic machinery, which suggests that the function of ndh gene products is related to photosynthesis. Until now, only the black pine, a photosynthetic plant with plastid genes for photosynthetic machinery, lacks functional ndh genes (19) .
On the other hand, no clear terminal oxidase has been found in chloroplasts (20) , which raises further questions regarding chlororespiration and the role of ndh genes and the Ndh complex. The level of the NDH-A polypeptide, encoded by the ndhA gene, increased in thylakoid when barley leaves received high irradiances or were incubated under high oxygen concentrations (8) , which suggested that ndh genes and the Ndh complex may be involved in the protection against photooxidative stress. Most photosynthetic O 2 uptake by drought-stressed leaves (a condition which produces photooxidative stress) is due to a one-electron transfer to O 2 forming superoxide anion radical (O 2 . ) (21) . The subsequent action of superoxide dismutase (SOD, EC 1.15.1.1) converts O 2 . to H 2 O 2 , which is finally consumed in a peroxidase-catalyzed reaction. Hydroquinone peroxidases (EC 1.11.1.7) have been identified in chloroplasts (22, 23) . A peroxidase solubilized from barley thylakoid with Triton X-100 (23) oxidizes the reduced form of plastoquinone (PQH 2 ). Thus, the catalytic activities of Ndh complex, peroxidase (acting on PQH 2 ), and SOD and the nonenzymic one-electron transfer from a reduced iron-sulfur protein (FeSP) to O 2 could be responsible for electron transport from NADH to O 2 in chlororespiration. In the dark, O 2 may be reduced with NADH if FeSP is a component of the cytochrome b 6 ⅐f complex or of the same Ndh complex. To provide biochemical support for this hypothesis, we have reconstructed, with immunopurified Ndh complex and peroxidase isolated from barley thylakoid, an in vitro system which (in a detergent-containing medium) oxidizes NADH with H 2 O 2 in a PQ-dependent reaction. The properties of this in vitro system and the effects of different treatments of leaves on enzyme activities described herein suggest that chlororespiration may protect against photooxidative stress and could regulate the proportion of reduced and oxidized forms of the intermediates of cyclic electron transport to optimize cyclic photophosphorylation.
EXPERIMENTAL PROCEDURES
Materials-Barley plants (Hordeum vulgare L. cv. Hassan) were grown on vermiculite at 23°C under a 16-h photoperiod of 100 mol of photon m Ϫ2 s Ϫ1 white light as described (24) . Unless otherwise stated, in the present work, we have used primary leaves of 14-day-old plants. Photooxidative stress was induced by incubating leaf segments in higher irradiance (300 mol of photon m Ϫ2 s
Ϫ1
) in the presence of either 21 or 100% O 2 . PQ and other chemicals were from Sigma.
Intact chloroplasts were isolated as described (8) . The pellet of chloroplasts was washed with buffer E (50 mM potassium phosphate, 1 mM L-ascorbic acid, 1 mM EDTA, 0.33 M sorbitol, pH 7.5) (10 ml/1 g of original leaves) to obtain a preparation of chloroplasts free from soluble or mitochondrial fractions (8, 10, 23) . To obtain high percentages (Ͼ80%) of intact chloroplasts, all steps from leaf segments to pellet of washed chloroplasts were performed at 0 -5°C in no more than 45 min. The chloroplast pellet was resuspended for osmotic shock in buffer E without sorbitol (buffer H) at 0 -4°C with gentle shaking during 6 min and then centrifuged for 15 min at 4,500 ϫ g. The thylakoid pellet was resuspended to approximately 2 mg of protein/ml in buffer H and used for solubilization of thylakoid-bound NADH dehydrogenase or peroxidase activities.
The membranous fraction was washed with Triton X-100 (0.2 mg of detergent/mg of protein) and gently stirred for 15 min. After centrifugation at 10,000 ϫ g for 20 min, NADH dehydrogenase was solubilized from the pellet, which was resuspended in 20 mM Tris-HCl, pH 7.5, 5 mM EDTA, by adding 10% (w/v) Triton X-100 to make a final concentration of 2% (5 mg of detergent/mg of protein) and gently stirred for 30 min. The suspension was centrifuged at 105,000 ϫ g for 45 min. The supernatant (around 4 mg of protein/ml, about 40% of original thylakoid proteins) was the NADH dehydrogenase-solubilized fraction.
Peroxidase was solubilized from the thylakoid membranous fraction by adding 10% (w/v) Triton X-100 to make a final 1.5% solution and gently stirred for 45 min. The suspension was centrifuged at 20,000 ϫ g for 30 min. The supernatant (around 0.9 mg of protein/ml) contained the peroxidase solubilized from thylakoid.
In other experiments, NADH dehydrogenase activities were assayed in whole leaf extracts obtained as follows: 10 3-cm leaf segments were homogenized with a mortar and pestle in 2 ml of buffer H and centrifuged at 500 ϫ g for 10 min. Triton X-100 was added to supernatant to make a final 2% (w/v) solution (5 mg of detergent/mg of protein) and gently stirred for 30 min. The suspension was centrifuged at 20,000 ϫ g for 30 min. Supernatants contained 0.7 to 1.3 mg of protein/ml. All the solubilization procedures were performed at 4°C.
Immunopurification of Ndh Complex-Antibodies against NDH-A protein (8) were purified from rabbit antiserum by (NH 4 ) 2 SO 4 precipitation and affinity chromatography on a protein A-Sepharose column (25) and then covalently coupled to an Affi-Gel hydrazide-agarose gel according to the manufacturer (Bio-Rad) and packed into a 5-ml column. Five to six ml of the NADH dehydrogenase-solubilized fraction were passed through the immunoaffinity column three times. After washings (25) , the Ndh complex was eluted with 50 mM glycine-HCl, pH 2.5, 0.1% Triton X-100 (w/v), and 0.15 M NaCl. Fractions (1 ml each) were immediately neutralized with 1 M Tris-HCl, pH 9.0. As described (8) , antibodies against NDH-A do not react with any mitochondrial protein.
Gel Electrophoresis, Immunoassays, and Zymograms-Native PAGE was carried out at 5°C (usually with 50 -100-g protein samples) in a linear gradient gel of 3-10% polyacrylamide (2.5% bisacrylamide) in the same way as SDS-PAGE with the exception that gels contained 0.1% (w/v) Triton X-100 instead of SDS (26) .
For immunoblot analyses, after electrophoresis, proteins were transferred to polyvinylidene difluoride membranes (Millipore). Immunocomplex with antibody prepared against the NDH-A polypeptide encoded by the ndhA gene (8) was detected with the peroxidase Western blotting analysis system (Roche Molecular Biochemicals). In other experiments, after native PAGE, the immunopurified Ndh complex band was electroeluted and polypeptides were separated by denaturating SDS-PAGE in a linear gradient gel of 12-16% polyacrylamide. After membrane blotting, the presence of NDH-A polypeptide was determined by antibody against the NDH-A polypeptide encoded by the ndhA gene (8) .
For zymograms, NADH dehydrogenase activity was detected by incubation of gel slices for 20 -30 min at 30°C in darkness in 50 mM potassium phosphate, pH 8.0, 1 mM Na 2 -EDTA, 0.2 mM NADH, and 0.5 mg/ml nitro blue tetrazolium. In controls without NADH, no color developed. Bands were scanned with a UVP Easy Digital Image analyzer to comparatively quantify activity values which were expressed as percentages of the reference activity (usually that of 7-day-old plants).
Enzyme Assays-NADH:FeCN oxidoreductase activity was assayed at 30°C by measuring the reduction of FeCN at 420 nm (extinction coefficient: 1.03 mM Ϫ1 cm
) and the oxidation of NADH at 340 nm (extinction coefficient: 6.22 mM Ϫ1 cm
) in a Beckman DU-650 spectrophotometer. The reaction mixture, with a final volume of 1.0 ml, included 50 mM potassium phosphate, pH 7.5, 1 mM Na 2 EDTA, 0.2 mM NADH, 1 mM FeCN, and variable enzyme preparations. The rate was determined from linear absorbance decrease between 45 and 240 s. Control values, obtained without protein, were subtracted. No detectable transformation of one substrate was observed in controls without the other substrate. In assays with PQ (usually 0.4 mM) as electron acceptor, preincubation and detergent treatments were performed as described under "Results."
The spectrophotometric assay of peroxidase was performed at 30°C in a 1.0-ml assay volume containing 0.5 mM p-dihydroxybenzene (hydroquinone, HQ), 0.1 mM H 2 O 2 , 50 mM potassium phosphate buffer, pH 7.5. After mixing, the enzymatic reaction was initiated by adding 10 l of enzyme. The oxidation of HQ was recorded as the increase in absorbance at 250 nm (extinction coefficient:
) over a time period of 2 min. The absorbance increases were always linear with respect to time. Appropriate controls were subtracted (23) .
Specific activities are expressed as micromoles of NADH or HQ consumed per min/mg of protein. Protein concentration was quantified by the Bradford method (27) with a Protein Assay Kit (Bio-Rad) using bovine serum albumin as a standard. All reported results were reproduced at least three times. When appropriate, standard deviations are indicated by bars in figures.
RESULTS

Purification by Immunoaffinity of the Ndh Complex of Barley
Thylakoid-NADH dehydrogenase preparations solubilized from barley thylakoid still contained about 18% peroxidase activity. To obtain a peroxidase-free preparation, the above fraction was purified with a column containing antibody against NDH-A covalently bound to agarose. Most of the protein eluted with washing solutions, and the protein retained by immunoaffinity was subsequently eluted with an acid solution as shown in Fig. 1 . Fractions 10 to 12 were pooled and were found to be almost free of peroxidase activity (Ͻ0.3%). When assayed as NADH:FeCN oxidoreductase, the specific activity of pooled fractions (about 5.5 mol min Ϫ1 mg of protein Ϫ1 ) was in the range of the purified plastid and mitochondrial complex I (15) . With regard to the fraction resuspended from thylakoid with Triton X-100, immunoaffinity achieved 100-fold purification of the activity with a recovery of 22%. The activity of purified fractions on NADPH was only 3.6% of their activity on NADH, which is in accordance with previous results for the activities investigated in barley (14) and pea (15) and indicates that the NADH dehydrogenase activity of pure thylakoid Ndh complex was essentially NADH-specific, although crude thylakoid preparations also contain NADPH dehydrogenase activities (14) . NADH dehydrogenase activity of purified Ndh complex was 100% inhibited after 30 min incubation with NDH-A antibody, confirming that the activity of purified fraction was due to the Ndh complex that includes the NDH-A polypeptide.
After native electrophoresis, zymograms of whole leaf extract and protein solubilized from thylakoid showed several NADH dehydrogenase bands ( Fig. 2A) , while immunopurified Ndh complex showed a single activity band co-migrating with first thylakoid and second whole extract low migrating bands. Western assays showed that immunopurified Ndh complex and the co-migrating bands of whole leaf extract and thylakoid contained the NDH-A polypeptide (Fig. 2B) . At least 9 polypeptide bands (sizes ranging between 17 and 70 kDa) were detected with Coomassie staining (not shown) after SDS-PAGE electrophoresis of immunopurified Ndh complex. Western assay after SDS-PAGE (Fig. 2C ) indicated that only a polypeptide of 35 kDa of the Ndh complex reacted with NDH-A antibody. It must be noted that, of several NADH dehydrogenase bands detected in thylakoid and whole leaf extract, a single (low migrating and high activity) band contained the NDH-A polypeptide ( Fig. 2A , lane Thylak). The identification of the low migrating NADH dehydrogenase activity band corresponding to thylakoid Ndh complex allows us to comparatively quantify this activity from zymograms of whole leaf extracts with NADH and nitro blue tetrazolium. According to Fig. 2A , activity of Ndh complex accounts for about two-thirds of the whole NADH dehydrogenase activity solubilized from washed thylakoid (about 50 nmol of NADH oxidized min Ϫ1 mg of protein Ϫ1 , assayed as NADH: FeCN oxidoreductase). Immunoblots (not shown) with antibody against the 70-kDa NDH-F polypeptide (10) produced similar results to those shown in Fig. 2 , B and C, for NDH-A antibody, indicating that our purified Ndh complex also included NDH-F polypeptide.
Although band intensities in Fig. 2 , A and B, roughly agree with the amount of protein loaded and Ndh purity in each fraction, quantitative conclusions cannot be deduced by comparing leaf, thylakoid, and purified Ndh complex bands, because NADH-DH lane signal was saturating and stability of activity (and probably of the same Ndh complex) was lower in purified and thylakoid fractions than in whole leaf fraction.
In standard spectrophotometric assays, without detergent added to the incubation mixture, the activity of purified Ndh complex with PQ as electron acceptor is only 5% of the activity with FeCN as electron acceptor (both measured as the rate of NADH oxidation). The activity with PQ increased to 45% of the activity with FeCN when the reaction mixture containing 0.2% (w/v) deoxycholate was preincubated during 10 min at 4°C prior to the addition of NADH. Measurements of absorbance changes at 262 nm due to PQ reduction (extinction coefficient 18.9 mM Ϫ1 cm Ϫ1 ) indicated an equimolar reaction between NADH and PQ. Activities with PQ were lower after preincubation with higher or lower deoxycholate concentrations. Apparently, hydrophobic detergent-containing particles include the Ndh complex in a state accessible enough to NADH and PQ, and provide an efficient system to assay NADH:PQ oxidoreductase activity.
Effects of Photooxidative Stress on Ndh Complex and Peroxidase Activities-Hydroquinone peroxidase activity in the Triton X-100-solubilized fraction of thylakoid changed during the development of the primary leaf of barley. It reached a maximum (about 0.3 mol of HQ oxidized min Ϫ1 mg of thylakoid protein Ϫ1 ) around 14 days after sowing (Fig. 3) , at the beginning of senescence soon after full expansion. When Ndh complex activity was quantified after zymographic assays with whole leaf extract it also reached a maximum in 14-day-old primary leaves, although changes were less pronounced than for peroxidase. For comparison, NADH dehydrogenase activity due to Ndh complex (see Fig. 2A and discussion therein) is about 35 nmol of NADH oxidized min Ϫ1 mg of thylakoid protein Ϫ1 in 14-day-old leaves (220% in Fig. 3) . To investigate the possible role of the Ndh complex and peroxidase activities in the protection against photooxidative stress, activity levels were measured in response to photooxidative treatments of leaf segments in both 7-day-old expanding leaves and 14-day-old fully expanded leaves. A typical zymo- Triton X-100-solubilized thylakoid proteins (24 mg in 6 ml) were loaded into a column containing antibodies against NDH-A protein coupled to an agarose matrix. Void volume and washing fractions (2 and 5 ml each, respectively) were collected, then Ndh complex was eluted with 50 mM glycine-HCl, pH 2.5, 0.1% Triton X-100, 0.15 M NaCl. Elution fractions (1 ml each) were neutralized with 1 M Tris-HCl, pH 9.0, immediately after collecting. Note broken and logarithmic scales for NADH dehydrogenase activity and protein, respectively, of each fraction. More details are under "Experimental Procedures."
gram of the NADH dehydrogenase activity of Ndh complex is shown in Fig. 4A . When compared with the levels in freshly detached leaf segments (To) or leaf segments incubated during 20 h with growth light (100 mol of photon m Ϫ2 s Ϫ1 ), Ndh complex activity of leaf segments incubated for 20 h with relative photooxidative light (PhL) (300 mol of photon m Ϫ2 s Ϫ1 ) increased approximately 100% in 14-day-old leaves and approximately 30% in 7-day-old leaves (Fig. 4, A and B) . With relative photooxidative light under a 100% oxygen atmosphere, Ndh complex activity increased up to 3.5-fold in 14-day-old leaves and almost 2-fold in 7-day-old leaves. Photooxidative treatments also increased peroxidase activity (Fig. 4C) but, in contrast to the Ndh complex, the relative increases of peroxidase were higher in 7-day-old leaves than in 14-day-old leaves. Western assays with antibody against NDH-A (8) showed increases of NDH-A polypeptide similar to those of Ndh complex activity (Fig. 4, A and B) in response to the same photooxidative treatments.
Reconstruction of a Coupled System with Ndh Complex, PQ, and Peroxidase for the Oxidation of NADH with H 2 O 2 -
The low solubilities of PQ and PQH 2 make it difficult to assay them as substrates of, respectively, Ndh complex and peroxidase. Additionally, PQH 2 , which is obtained by reduction of commercial PQ with dithionite, is unstable. Although indirect estimations suggested that the barley thylakoid peroxidase uses PQH 2 as substrate (23), measurements of this activity were difficult to reproduce.
To overcome these difficulties, we developed an assay system designed to detect whether the PQH 2 produced by reduction of PQ (with NADH in the reaction catalyzed by Ndh complex) is oxidized by H 2 O 2 in the reaction catalyzed by peroxidase. Essentially, the system measures NADH oxidation by H 2 O 2 dependent on the presence of Ndh complex, PQ, and peroxidase according to the sequence of reactions,
In chloroplasts, the Ndh complex, PQ⅐PQH 2 and peroxidase are immersed in the hydrophobic environment of thylakoid membrane, thus their functions are hardly reproducible in water mixtures commonly used for spectrophotometric assays. We have stated above that a 10-min preincubation at 4°C of the reaction mixture of Ndh complex (including 0.2% deoxycholate and PQ but not NADH) increased the rate of PQ oxidation approximately 9-fold.
In order to test appropriate controls, we carried out a partial purification of the peroxidase. When solubilized from thylakoid membrane by 1.5% Triton X-100, the peroxidase preparation contained 10% of NADH dehydrogenase activity. Taking advantage of the low stability of Ndh complex activity, a fraction of Triton-solubilized peroxidase between 40 and 70% (NH 4 ) 2 SO 2 was desalted with a Centricon 10 concentrator (Amicon). The resulting peroxidase preparation showed a specific activity of 3.8 mol of HQ oxidized min Ϫ1 mg of protein Ϫ1 , which was essentially free of NADH dehydrogenase activity (Ͻ0.1%). As found for non-purified fraction (23), partially purified peroxidase showed a single HQ peroxidase activity band in zymograms and was free of other peroxidase or oxidase activities. Preincubation of partially purified peroxidase at 4°C with 0.2% deoxycholate did not significantly affect the activity of the enzyme in standard assays with HQ and H 2 O 2 as substrates.
The complete system reconstructed in vitro was assayed as follows: 40 mM potassium phosphate buffer, pH 7.5, H 2 O to make a final volume of 1.0 ml in the reaction mixture, 2 mg of deoxycholate, 4 g of purified Ndh complex, 11 g of partially purified peroxidase (resuspended in buffer H containing 1.5% Triton X-100), and variable concentrations of PQ were prein- FIG. 3 . Thylakoid NADH dehydrogenase and peroxidase activities during leaf development. Primary barley leaves of the indicated ages were used to determine thylakoid NADH dehydrogenase (Ndh complex) and peroxidase activities. Peroxidase was measured by spectrophotometric assay in Triton X-100-solubilized fractions and specific activities are expressed as percentages of the activity in 7-day-old plants (0.1 mol of HQ min Ϫ1 mg of thylakoid protein Ϫ1 ). NADH dehydrogenase was quantified from the band of Ndh complex (Fig. 2) revealed after native electrophoresis of 50 g of whole leaf extracts. Specific activities of Ndh complex are expressed as percentages of the activity in 7-day-old plants. In the absence of H 2 O 2 (left side of Fig. 5 ) but with PQ in the assay mixture, absorbance decreases at 340 nm due to NADH oxidation were observed after 15-45 s of starting reaction. Appropriate controls (not shown) without Ndh complex or NADH showed very low absorbance decreases (as in assay without PQ, filled circles), while controls without peroxidase did not affect NADH oxidation rates (not shown). The results of these controls indicated that absorbance decreases in the reconstructed system without H 2 O 2 were due to the NADH-dependent net reduction of PQ catalyzed by Ndh complex, as in conventional assays of this activity. The rate of NADH oxidation decreased with incubation time, becoming almost null after approximately 2-3 min, presumably due to depletion of available PQ. The initial rate of NADH oxidation and total NADH oxidized increased with the concentration of PQ. Total 0.01 to 0.06 absorbance decreases only account for the reduction of 1.5 to 10 nmol of PQ/ml of incubation mixture which are low when compared with the concentrations applied. This suggests that only a small fraction of applied PQ is accessible to the Ndh complex, which is probably located within detergent micelles. The linear absorbance decreases, which occurred after a lag period (30 -60 s), were probably due to the reduction of PQ present in micelles containing the Ndh complex. The slow to null oxidation rate of NADH after 150 s was probably due to reduction of PQ not initially present in micelles containing the Ndh complex.
When H 2 O 2 was included in the assay mixture (right side of (15), the immunopurification, in a few steps, of Ndh complex described here provides a new useful tool to investigate its composition and properties, particularly the specificity of donor and acceptor of electrons. The presence of several polypeptides, among them the NDH-A 35-kDa polypeptide (Fig. 2C ) and the NDH-F 70-kDa polypeptide (not shown), indicated that the Ndh complex purified here is the product of ndh genes. As the complex purified from pea (15), the purified barley complex is NADH-specific.
On the other hand, preincubation and the use of 0.2% (w/v) deoxycholate reported here provides an unprecedented system for the assay of Ndh complex and peroxidase of thylakoids with their presumed quinone/hydroquinol substrates in vivo. The application of this system (Fig. 5 and discussion therein) for the mixture of Ndh complex and peroxidase demonstrated the in vitro functionality of an electron transport chain with the redox components NADH/NAD ϩ , PQ/PQH 2 , and H 2 O 2 /H 2 O and the catalytic activities of Ndh complex and peroxidase. It seems plausible that this electron transport operates in vivo by using the H 2 O 2 formed in chloroplasts by the action of SOD (24, 28) on O 2 . generated by the Mehler reaction (21).
The evidence presented here led us to propose the reactions model summarized in Fig. 6 for chlororespiration and its relation with photosynthetic electron transport. Chlororespiration might result from the sequence of reactions catalyzed by the NADH dehydrogenase activity (NADH-DH), peroxidase (PX) (acting on PQH 2 ), SOD and the non-enzymic one-electron transfer from FeSP red (F 1red or F 2red ) to O 2 (Fig. 6) . If FeSP is the component of cytochrome b 6 ⅐f complex or of the same Ndh complex (F 1red ), it may be reduced with PQH 2 without the requirement of light. In this case, the reactions involved, result in the global reaction of chlororespiration,
probably using NADH generated in glycolysis, malate dehydrogenase or other cytosolic or plastidial activities. From the data in Fig. 5 and the low levels of Ndh complex in chloroplasts (11, 15) it can be estimated that chloroplasts could consume O 2 up to approximately 3.3 meq s Ϫ1 mol of chlorophyll Ϫ1 through Ndh complex-mediated chlororespiration.
As an alternative, PQ may be reduced by electron transfer from PSII without the involvement of the Ndh complex (gray dotted arrows in Fig. 6 ). In this case, there is no net O 2 consumption because as much is consumed in the Mehler reaction as is produced by water splitting in PSII and by the SOD reaction. It must be noted that the oxidation of PQH 2 by the peroxidase reaction does not import H ϩ into thylakoid lumen for photophosphorylation, as does the oxidation of PQH 2 by electron transfer to cytochrome b 6 /f.
The level of reduced FeSPs (FeSPs of Ndh complex, cytochrome b 6 /f, PSI complex, and ferredoxin) increases during the first stages of induction of photooxidative stress (when high light intensity is accompanied by low CO 2 fixation) and consequently favors the Mehler reaction and the increase in the steady-state concentration of reactive oxygen species (O 2 . , H 2 O 2 , etc.) (21) . Both PSII and Ndh complex-mediated (chlororespiratory) processes indicated in Fig. 6 The protection against photooxidative stress by using reducing power generated from starch degradation would explain why tobacco mutants defective in ndh genes accumulate starch and/or show leaf bleaching (a photooxidative damage symptom) and drastic reduction in growth (16) . Alternatively, low starch degradation in ndh mutants in the dark might enhance photooxidative stress during light period. The increases of the levels of thylakoid Ndh complex and peroxidase in response to higher irradiances and O 2 concentrations (Fig. 4) are typical of activities involved in the protection against photooxidative stress (such as SOD) (24, 28) and strongly support the role of ndh genes and chlororespiration in the protection against photooxidative stress.
Under field conditions, leaves must often cope with transient fluctuations of light intensity up to 2 orders of magnitude (30) .
Excess (after a rapid increase of light) and shortage (in the first minutes after photoinhibition of PSII or after a rapid decrease of light) of electron supply, could move cyclic electron transport intermediates away from poised reduced/oxidized ratio (31). Poising of cyclic electron transport to maintain membrane potential and photophosphorylation may be achieved by chlororespiratory reactions (Fig. 6) . Non-photosynthetically generated NADH supplies electrons through Ndh complex, while Mehler reaction and H 2 O 2 drain electrons.
During chloroplast biogenesis, PSI activity and photophosphorylation arise earlier than PSII (32) and during leaf senescence activity of PSII is lost before than PSI activity (33) . Significantly, ndh-encoded polypeptides are present early during chloroplast biogenesis and in etioplast (10) and increase during leaf senescence (8) , probably to supply electron to poise cyclic electron flow around PSI, in the absence of PSII.
A tobacco mutant in ndhB gene which shows impaired cyclic electron flow around photosystem I (34) may be explained by the poising role of Ndh complex in cyclic electron transport. The low relative amount of Ndh protein, 0.2% of total thylakoid protein (15) suggests a regulatory role for Ndh complex (in the two-valve mechanism through which chlororespiration supply and drain electrons) better than a significant contribution to the bulk of cyclic electron flow.
The involvement of the Ndh complex and chlororespiration in the protection against photooxidative stress and (related with that) in the poising of cyclic electron transport would explain why plastid ndh genes have been conserved in most plants throughout evolution. Obviously, non-photosynthetic parasitic plants would not require ndh genes. In fact, parasitic Epifagus virginiana (17) and Cuscuta reflexa (18) only contain pseudo-ndh genes. The photosynthetic black pine, which lacks functional ndh genes (19) would require further studies.
Several additional evidences support the model for chlororespiration represented in Fig. 6 . Thus, sensitivity of chlororespiration to cyanide (2), may be explained if it uses the chloroplastic SOD activities (24) the most abundant of which, Cu/Zn-SOD, is sensitive to cyanide (35) . Rates of 0.7 meq of PQ reduced s Ϫ1 mol of chlorophyll Ϫ1 estimated during dark-chlororespiration in sunflower (36) are compatible with values estimated here (up to 3.3 meq s Ϫ1 mol of chlorophyll
Ϫ1
) from the activity of the Ndh complex in barley. Light-dependent activation requirement for dark-chlororespiration in sunflower may be due to the increases of the Ndh complex and peroxidase activity in barley under photooxidative light (Fig. 4) . Finally, the inhibition of dark-chlororespiration by CO (35) could be explained by the light-reversible binding of CO to the hemoprotein peroxidases (37) .
